ABSTRACT
INTRODUCTION
Arbuscular mycorrhizal fungi (AMF) can promote rapid increase in plant growth and contribute to better establishment of seedlings when transplanted to the field. In nursery, inoculation of these fungi can improve the plant growth, reducing the time for seedling production and protecting the plants against soil-borne pathogens, including nematodes (Smith and Read, 1997) . Contributing to increase the nutrient uptake and plant vigor, the AMF can act as biological control agents by direct or indirect mechanisms, compensating the damages caused by the nematodes (Azcón-Aguillar and Barea, 1996) . The application of AMF could be an alternative for the nematode management strategy. Furthermore, the nematicides, the most commonly used chemical product to control nematodes, are expensive and toxic, both to the user and to the environment (Talavera et al., 2001 ) and do not have a long lasting effect in the field (Lordello, 1984) . The root-knot nematodes (Meloidogyne spp.) are economically important parasites of fruit plants. They induce the formation of giant cells and root galls that impair water and nutrient uptake to the shoots (Lordello, 1984) , reducing the yield and fruit size, and causing the mineral deficiency that decreases plant longevity and a delay in the crop production (Calvet et al., 2001) . Arbuscular mycorrhizal fungi and phytoparasitic root-knot nematodes are common soil and root inhabitants. However, they exert opposite effects on plant growth. The interaction between AMF and nematodes results in improvement, reduction or has no effect on disease severity Maia et al., 2006) . This interaction commonly occurs when the seedlings are transplanted to the field and both organisms are capable of colonizing the same roots (Calvet et al., 2001) . The effect of the interaction AMF × plant nematodes depends on various factors such as nematode, fungus, and plant species, environmental conditions, time of mycorrhization and period of exposure to the nematode (Talavera et al., 2001) . The diversity of results indicates that each nematode-AM fungus-plant combination is unique and generalizations regarding such interactions are not appropriate (Siddiqui and Mahmood, 1995) . Sedentary endoparasitic nematodes (Meloidogyne spp.) cause significant losses in a variety of crops (Society of Nematologists Crop Loss Assessment Committee, 1987) . In recent years, a couple of studies of simultaneous inoculation with AMF and nematodes have been conducted to investigate this relationship in different crops, such as tomato (Lycopersicon esculentum Mill.) (Suresh et al., 1985; Talavera et al., 2001) ; soybean (Glycine max Merril. L.) (Carling et al., 1989) ; alfalfa (Medicago sativa L.) (Grandison and Cooper, 1986) ; cotton (Gossypium hirsutum L.) (Smith et al., 1986) and peanut (Arachis hypogaea L.) (Carling et al., 1996) . Most of these investigations have been related to biological control of the pathogen in grassland and legumes; a few were performed with fruit plants such as: grapevine (Vitis vinifera L.) (Atilano et al., 1981) ; peach (Prunus persica L.) (Strobel et al., 1982) ; banana (Musa sp. L. cv. Grand Naine) (Jaizme-Vega et al., 1997) and peach-almond (Prunus persica Batch × P. dulcis (Mill.) Webb) (Calvet et al., 2001 ).
In mycorrhizal plants, the damage caused by the parasitism can be compensated by the increase of plant nutrition, competition for infection site or photosynthates, changes in root morphology, histopathological, biochemical and physiological alterations, and promotion of defense mechanisms to react against the pathogen. It has also been proposed that these factors can act in conjunction (Azcón-Aguillar and Barea, 1996; Dehne, 1982; Hussey and Roncadori, 1982; Ingham, 1988; Maia et al. 2006; Siddiqui and Mahmood, 1995) . The susceptibility of mycorrhizal plants to the nematode parasitism can be characterized by the resistance (suppression or reduction of the nematode reproduction) or tolerance (low or no suppression in plant growth or yield) . For the promotion of resistance or tolerance to this phytoparasite, the selection of AMF is required (Habte et al., 1999) . Previous studies have indicated that Scutellospora heterogama (T.H. Nicolson and Gerd.) C. Walker and F.E. Sanders can enhance the growth of sweet passion fruit seedlings (Anjos et al., 2005) . Under this condition, seedlings may be able to increase the tolerance to parasitism of root-knot nematodes. The aim of this study was to evaluate the possibility of using S. heterogama to protect the passion fruit seedlings (Passiflora alata Curtis) against the root-knot nematode Meloidogyne incognita (Kofoid and White) Chitwood race 1. Thus the effects of the AM fungus-nematode interaction on growth of sweet passion fruit and on pathogen and AMF development was investigated.
MATERIALS AND METHODS

Substrate
As substrate a mixture of an argisoil with sand (2:1), characterized by P = 8 mg dm -3 ; Al = 0.40 cmol c dm -3 ; Ca = 0.75 cmol c dm -3 ; Mg = 0.40 cmol c dm -3 ; K = 0.03 cmol c dm -3 ; pH (H 2 O) = 4.8 was used, with part being disinfested with methyl bromide before the experiments. Soil humidity was maintained at 60% of the total pore volume. To minimize the effects of mineral deficiency of the substrate, the plants received nutrient solution without P (Hoagland and Arnon, modified by Jarstfer and Sylvia, 1992) , once a week, during the experiments. were multiplied in pot cultures using Panicum miliacium L. as host (Anjos et al., 2005) . The nematode M. incognita was propagated on tomato plants (L. esculentum cv. Santa Cruz) (Hussey and Barker, 1973) .
Microorganisms
Spores of S. heterogama (URM
Inoculation
Scutellospora heterogama was inoculated (as soil inoculum, 200 spores plant -1 ) into plastic recipients containing 200 g of soil and one seedling with two leaves. After 15 days, the seedlings were transplanted to plastic bags (11 cm diameter × 26 cm height) containing 1700 g of soil with 12 mg P dm -3 (added as superphosphate, before planting). A suspension containing 5000 eggs of M. incognita race 1 was delivered to each recipient (2 cm from the surface) through four holes around the seedling stem. In the experiment I, both the fungus and the nematodes were inoculated after emission of the first two leaves at the time of transplanting. In the experiment II, nematodes were inoculated 120 days after AMF inoculation, when the seedlings reached the height for field transplant (15 cm) and started the emission of claspers.
Experimental design
The experiments were carried out in a completely randomized design with factorial arrangement of 2 × 2 × 2, corresponding to two soil conditions [disinfested (DS) and non disinfested control (DNS)], two treatments of AMF inoculation [with and without S. heterogama; (+/-AMF)], two treatments of nematode inoculation (with and without M. incognita; +/-NEM) with simultaneous inoculation of AMF and M. incognita (Experiment I) and nematode inoculation after the establishment of mycorrhizal symbiosis (Experiment II). Each experiment was carried out with six replicates.
Assessment of variables
Every 15 days after AMF inoculation, plant height, shoot diameter, number of leaves and the survival rate of the seedlings were registered. After 220 days, the dry weight of the shoot and the fresh weight of the roots, root colonization and AMF spores density were accessed. Root gall symptoms, M. incognita egg masses, and root eggs (signals) were also evaluated. AMF colonization was estimated (Giovannetti and Mosse, 1980) through observations of 1 cm stained (Kormanic and McGraw, 1984) root fragments. AMF spores were extracted from the soil by wet sieving (Gerdemann and Nicolson, 1963) and sucrose centrifugation (Jenkins, 1964) . Root galls and egg masses were counted and the results were expressed per gram of roots and per root systems. Eggs were extracted from galled root systems with sodium hypoclorite (NaOCl 1%) (Hussey and Barker, 1973) and counted in a Peter´s 1 mL slide. The increment promoted by mycorrhizal inoculation was estimated by the formula: I (%) = [Tr -T/T] × 100 (I = increment, Tr = specific treatment and T = control).
Statistical analysis
The data were submitted to the analysis of variance (ANOVA) and single correlation was obtained. The treatment means were compared by the Tukey test at 0.05 probability. The data of nematode and AMF growth were log 10 (x+1) transformed and the number of leaves was used as the arcsin (√ x + 0.5). The degrees of Miller (1994) were considered for the magnitude of the correlation.
RESULTS
Experiment 1
Significant interactions between AMF × nematode on plant height and stem diameter were found 90 days after inoculation (Table 1 ). The inoculation with S. heterogama, when nematodes were absent, promoted an increment of 112.2% in plant height and 56.3% in stem diameter after 90 days, in comparison with the uninoculated seedlings. Until the 75th day the mycorrhizal seedlings were bigger than those of the control treatment, independently of the presence of nematodes; after this period, differences between the mycorrhizal and nonmycorrhizal seedlings occurred only in the absence of nematodes. In all the periods, M. incognita inhibited the seedlings growth, both in the mycorrhizal and non-mycorrhizal treatments (Table 1) . Interactions between S. heterogama × M. incognita were observed through the number of spores of the fungus. Nematode infestation inhibited the sporulation of S. heterogama that produced 15 times more spores when the pathogen was absent, independently of soil disinfestation (Table 2) . Data (means of 6 pot replicates) followed by the same letters in a column (a, b) and in a line (A, B) do not differ significantly (P≤ 0.05) using Tukey test after analyses of variances. **(P≤ 0.01); (+) present; (-) absent; (CV) coefficient of variation.
Experiment II
Seedlings associated with S. heterogama presented a significant difference in fresh root biomass 220 days after inoculation, with interactions between the fungus × soil disinfestation and nematode × soil disinfestation. In all the treatments, fresh root biomass was lower in disinfected soil than in the control soil. Inoculation with S. heterogama promoted the biomass increment of 1537% in disinfested soil in relation to the treatment without AMF, while no differences occurred in control soils. However, when nematodes were inoculated in the control soil, the seedlings presented lower fresh root biomass (Table 3) . Data (means of 6 pot replicates) followed by the same letters in a column (a, b) and in a line (A, B) do not differ significantly (P≤ 0.05) by the Tukey test after analyses of variance. **(P≤ 0.01); (+) present; (-) absent; (CV) coefficient of variation.
There were interactions between S. heterogama × M. incognita × soil condition, regarding the number of root-knot galls, egg and egg masses. In the treatments inoculated with S. heterogama, reductions of 72% in the number of galls per g of roots and 87.7% in egg masses per g of roots were observed in disinfested soil. In the control soil, the number of eggs and galls per root system were reduced 44 and 26.5%, respectively. However, in this soil treatment, gall number, egg number and egg masses per root system increased in the mycorrhizal seedlings. Pathogen development differed between the disinfested and control soils without S. heterogama (Table 4) . Data (means of 6 pot replicates) followed by the same letters in a column (a, b) and in a line (A, B) for a given parameter and sampling date do not differ significantly (P≤ 0.05) by the Tukey test after analyses of variances. **(P≤ 0.01); *(P≤ 0.05); (+) present; (-) absent; (CV) Coefficient of variation.
The fungus development and nematode reproduction were positively correlated with the production of galls and egg masses on roots of sweet passion fruit. Conversely, there was negative correlation between the number of galls per g of root (NGR) and mycorrhizal colonization (RC), and between the number of egg masses per g of root (EMR) × root colonization as well as number of AMF spores (Table 5) . a NG = Number of M. incognita galls; RC = Root colonization by S. heterogama; NS = Number of spores of S. heterogama/50 g soil; NGR = Number of galls/g root; NEM = Number of egg masses; EMR = Number of egg masses/g root. The degrees of Miller (1994) were considered for the magnitude of the correlation.
DISCUSSION
The seedlings of sweet passion fruit were positively responsive to association with S. heterogama, showing growth increment. These results reinforced the previous studies with the same combination of host and AMF (Anjos et al., 2005) , and also with yellow passion fruit (Cavalcante et al., 2002) . The growth increase of the seedlings (24% in plant height) was suppressed by M. incognita as also observed by Strobel et al. (1982) in peach, with reduction of 50% plant growth. In peanut, Meloidogyne arenaria (Neil) Chitwood suppressed both root and shoot growth (Carling et al., 1996) . The decrease in plant shoot development associated with nematode parasitism usually is related to the interruption of water and nutrients translocation by the giant cells (Cofcewicz et al., 2001) . In spite of some results (Pandey et al., 1999; Pinochet et al., 1996) showing tolerance of mycorrhizal plants to nematode infection, in this study the seedlings were intolerant to parasitism of M. incognita, even in the presence of S. heterogama, when both (AM fungus and nematode) were simultaneously inoculated. The high severity of symptoms in control soils could be a result of secondary infections by other pathogenic microorganisms (Agrios, 1988) . Likewise, tomato plants infested by M. incognita at the time of transplanting were not protected by Glomus mosseae (T.H. Nicolson and Gerd.) Gerd. and Trappe (Talavera et al., 2001 ). The growth of mycorrhizal coffee plants (Coffea arabica L.) was also reduced when Pratylenchus coffeae Zimmermann was inoculated before the establishment of the symbiosis (Vaast et al., 1998) . The growth of sweet passion fruit seedlings was not affected by the inoculation of the root-knot nematode after mycorrhizal establishment. Grandison and Cooper (1986) observed that previously established mycorrhizal colonization increased the resistance of a susceptible cultivar of alfalfa to Meloidogyne hapla Chitwood. The inoculation of Glomus fasciculatum (Thaxt.) Gerd. and Trappe seven days prior to inoculation with Radopholus similis (Cobb) Thorne inhibited the reproduction of the phytoparasite (Umesh et al., 1988) . The nematodes have an advantage in the competition for root space and further reproduction as root colonization by AMF takes from 2 to 4 weeks, while the penetration of the nematode in the roots occur in a few hours (Talavera et al., 2001 ). Sikora and Sitaramaiah (1980) suggested that in order to obtain a better response of the development of seedlings, the inoculation with AMF should be done at least four weeks before the transplantation to a field infected with nematodes. Inoculation of AMF before transplantion of the seedlings to the field is an important requirement for protection against nematodes as it gives time for establishment of the association before the contact with the parasite (Calvet et al., 2001) . The natural population of AM fungi was not able to multiply as efficiently as S. heterogama, even when nematodes were absent, indicating that not always the native AMF are the best option for plant inoculation. The nematodes negatively affected the sporulation, but did not impair the root colonization of seedlings by S. heterogama when the inoculation (AMF and nematode) was simultaneous. When the mycorrhiza was established prior to nematode inoculation, both sporulation and colonization by S. heterogama were not affected by the pathogen. Hussey and Roncadori (1982) showed variable effects on nematodes in the fungal sporulation, the latter sometimes being inhibited. However, adverse effects rarely occurred in relation to root colonization. In Allium cepa L., root colonization was not affected by M. hapla, while spores density was significantly lower in the presence of the pathogen (Kotcon et al., 1985) . Meloidogyne arenaria decreased the sporulation and root colonization by AMF and it was suggested that the effect occurred by direct action in the plants, with anatomical and physiological changes interfering in water and nutrients translocation to the roots and shoots (Atilano et al., 1981) . Kellam and Schenck (1980) observed that arbuscles and vesicles closer to gall tissues were decomposed or atypical, showing that this environment was unfavorable for the fungi. The effect of the mycorrhizal fungi against the nematodes (number of galls, eggs and egg masses) was clearly observed. This difference in the response, considering gram of root × root systems, probably reflected the biomass of mycorrhizal and control seedlings. The roots of mycorrhizal seedlings were denser than those uninoculated, cultivated in disinfested soil, providing a larger surface for penetration sites than the control treatment that allowed increase of the final population of nematodes. In control soil, the number of galls and eggs per root system was reduced although fresh root biomass of seedlings did not differ between the treatments. There was, probably, a synergistic effect among the soil microorganisms, as also observed in the studies with plant growth promoting bacteria, Pseudomonas fluorescens Migula (Siddiqui and Mahmood, 1998) , and with the nematophagous fungus Paecilomyces lilacinus (Thom) Samson (Al-Raddad, 1995) . When associated with AM fungi, the effects of these organisms were more pronounced than in the absence of AMF. Jaizme-Vega et al. (1997) compared the number of galls and eggs per total root biomass and per g of root of banana plants and found that the latter would express the levels of nematode reproduction and infection with higher confidence. However, in this study, the positive effect of the interaction with S. heterogama was observed even in the number of galls and eggs per total root biomass. It was shown that the intensity of colonization by AMF might be a determining factor on the response of mycorrhized plants to nematode parasitism (Grandison and Cooper, 1986; Smith et al., 1986) . Meloidogyne hapla was absent in cortical tissues with more than 10% mycorrhizal colonization (Grandison and Cooper, 1986) . M. incognita was significantly inhibited when 50% of cotton roots were colonized by G. intraradices, but was not affected when colonization was lower than 50% (Smith et al., 1986) . The 40% colonization produced by S. heterogama in the roots of sweet passion fruit seedlings apparently was enough to negatively affect the development of M. incognita on the host. Borowicz (2001) mentioned various studies where a decrease in reproduction of sedentary nematodes occurred in the presence of AMF, suggesting that this reduction was due to physiological changes produced by the fungus in the root system. This could modify the attractiveness of the roots or induce a physical or chemical barrier, impairing nematode penetration. The reduction of the number of eggs in the roots of sweet passion fruit seedlings when S. heterogama was established indicated that the fungus enhanced the resistance to parasitism . In soybean, resistance to M. incognita was promoted by Glomus etunicatum W.N. Becker and Gerd. (Carling et al., 1989) . The plant resistance is governed by external or internal factors that can reduce the opportunity of the pathogen to infect or diminish the infection level (Agrios, 1988) . The reduction in number of galls, egg masses and eggs observed on roots of the seedlings could be due to competition between the pathogen and the symbiont for infection sites, but other factors such as increase of lignin and phenols (Umesh et al., 1988) or nematicide substances, such as phenylalanine and serine (Suresh et al., 1985) can be involved. Kellam and Schenck (1980) registered lower quantity of galls in mycorrhizal soybean plants than in non-mycorrhizal. This could be a result of the reduction in the ability of the nematode to penetrate in the root or of the presence of the AMF affecting the formation of giant cells and further development of the nematodes. The increase in vigor also helped the mycorrhizal plants to endure the parasitism of the nematode. The nutritional benefit promoted by G. etunicatum on tomato plants contributed for increasing the resistance to M. javanica (Cofcewicz et al., 2001 ). The establishment of mycorrhizal association with S. heterogama prior to nematode contact was beneficial for sweet passion fruit plants conferring conditions for improved plant growth in the presence of the pathogen. 
RESUMO
